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ABSTRACT With the collapse of fisheries in many parts
of the world causing widespread economic harm, attention is
focused on a possible cause and remedy of fishery collapse.
Economic theory for managing a renewable resource, such as
a fishery, leads to an ecologically unstable equilibrium as
difficult to maintain as balancing a marble on top of a dome.
A fishery should be managed for ecological stability in-
stead-in the analogy, as easy to maintain as keeping a marble
near the base of a bowl. The goal of ecological stability is
achieved if the target stock is above that producing maximum
sustainable yield and harvested at less than the maximum
sustainable yield. The cost of managing for ecological stabil-
ity, termed "natural insurance," is low if the fishery is
sufficiently productive. This cost is shown to pay for itself over
the long term in a variable and uncertain environment. An
ecologically stable target stock may be attained either with
annually variable quotas following current practice or, pref-
erably, through a market mechanism whereby fish are taxed
at dockside if caught when the stock was below target and are
untaxed otherwise. In this regulatory environment, the goal of
maximizing short-term revenue coincides with the goal of
ecological stability, thereby also maximizing long-term reve-
nue. This new approach to fishery management is illustrated
with the recently collapsed Newfoundland fishing industry.
The Newfoundland cod fishery is expected to rebuild to an
ecologically stable level in about 9 years and thereafter support
an annual harvest of about 75% of the 1981-1990 average.

In October 1994, the Georges Bank fishery was closed to the
fishing of cod, haddock, and yellowtail flounder by the New
England Fishery Management Council [New York Times, Oct.
27, 1994]. This action followed a similar closure of the Grand
Bank fishery off Newfoundland to selected groundfish species
in 1993 (1).d These closures are not isolated administrative
actions. They reflect a worldwide condition of overfishing (2).

In 1973, the Canadian Department of Fisheries and Oceans
instituted annual quotas-total allowable catches (TACs)-on
the fishing of cod off Newfoundland in an effort to prevent
overexploitation. As Fig. 1 shows, Newfoundland's cod fishers
obeyed the law and did not exceed the TACs, yet the fishery
still collapsed.
Many causes have been cited for this collapse, including a

lack of political will to impose adequate.quotas, overoptimistic
stock assessments by fishery scientists, poaching from foreign
fleets, exceptional mortality from natural predators, climate
change, subsidies to fishers, and overcapitalization following
the imposition of the 200-mile limit (1, 3). We do not take a
position on the relative importance of these causes. We offer
instead a reexamination of management targets and emphasize
the economic value of ecological stability.

Problem

Fig. 2 depicts a fishery's production dN/dt as a hump-shaped
function of stock size N. The slope of this curve atN = 0 is the

1960 1965 1970 1975 1980 1985 1990 1995

FIG. 1. History of Newfoundland cod fishery (divisions 2J, 3K, and
3L). Annual harvest in thousands of tons is plotted as a solid line, stock
size is plotted as a dashed line, and annual quotas are plotted as solid
dots. Fishery shows three phases-1960-1980, 1981-1990, and 1991-
1993. Harvest was highest in the first phase, lower in the second phase,
and in the third phase the fishery collapsed.

intrinsic rate of increase r (0.25 in the example) and an
unharvested stock comes to equilibrium at K, the carrying
capacity (1000 in the example-Fig. 3 illustrates the entire
curve).e The curve peaks at K/2, the stock size that produces
the maximum sustainable yield (MSY).

In natural resource economics, the problem of determining
an optimal harvest rate is viewed as a problem in allocating
capital between natural and financial stocks. The optimal
harvest rate takes place at the target stock where the slope of
the production function, F'(N), equals the savings account
interest rate, p (0.05 in the example).f At this target stock, the
marginal return from investing in natural stock (fish) equals
the marginal return from investing in financial stock (savings).9
Thus, in Fig. 2, management for maximum revenue is to

Abbreviations: TAC, total allowable catch; MSY, maximum sustainable
yields.
cPresent address: Decision Focus, Inc., 650 Castro Street, Suite 300,
Mountain View, CA 94041.
dThese actions are drastic, like reporting that Nebraska could no
longer grow corn, or Kansas wheat, until farmers wait 10 years for the
soil to regenerate.
eA standard model for a renewable resource such as a fishery is the
logistic equation dN/dt = rN(K - N)/K = F(N). The hump-shaped
curve of Fig. 2 is the right-hand side of this equation. The per capita
growth of fish (dN/dt)/N, is a decreasing function ofN because the
fish are competing with one another for such resources as food and
space. The overall dynamics of the stock, including both production
and harvest at rate h, is dN/dt = F(N) - h.
fThe optimal equilibrium solution is the pair (Noho) where the optimal
stock size No is the root of F'(No) = p and the optimal harvest ho is
the production at the optimal stock size h. = F(No). For the logistic
model, No = (K/2)(1 - p/r) and ho = rK(1 - (p/r)2)/4.
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Yield in Fish vs Stock Size, Economically Optimal Solution
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FIG. 2. Economically optimal stock size is 400, which yields an
optimal yearly harvest of 60. At this configuration the slope of the
fishery production curve equals the interest rate, as required by
economic theory. But the stock size of 400 is an ecologically unstable
equilibrium. The stable stock sizes for a harvest of 60 per year are 600
and 0. If the stock is regulated through graded control, the optimal
fishing mortality is the slope of the diagonal dashed line, which is 0.15.
(Figs. 2-5 use r = 0.25 per annum and K = 1000 individuals in the
logistic equation, and p = 0.05 per annum as the interest rate.)

establish a target stock of 400 fish and thereafter to harvest 60
fish per unit time.
The problem is that this point of optimal harvest is an

ecologically unstable equilibrium under constant harvest. If
the harvest continues at the optimal rate (60 in the example)
and if environmental fluctuations drive the stock size slightly
below 400, then the harvest exceeds the production and the
stock is driven further toward extinction. Conversely, if the
stock fluctuates above 400, then the harvest is less than the
production and the stock grows. In reality, if stocks are seen to
grow, then quotas are usually increased, eventually resulting in
a quota that exceeds production and extinguishes the stock.h
Thus, maintaining the stock at the optimal size of 400 is like
balancing a marble on top of a dome.
The observation that a target stock to the left of the hump

is unstable under constant harvest has been noted before in the
fishery literature (cf. ref. 4), but its relation to natural resource
economic theory has been little remarked. The economic and
fishery literatures offer different perspectives on how to
regulate the stock at this unstable target.
Economic theory views the harvest rate as a control variable

in optimal control theory-a quantity under continuing human

glntuitively, imagine investing dollars, one by one, into a savings
account or into the fishery. If r > p, the first dollar would earn more
from the fishery than from the savings and should therefore be
invested in the fishery. Then consider the next dollar and the next,
until the point at which the return from the fishery equals the interest
rate. Beyond this point, any additional capital should be invested in
the savings account.
hAn equilibrium stock lies at any point where the horizontal line
representing the harvest intersects the hump-shaped curve-that is,
a stock size N such that F(N) = h. An equilibrium stock to the left of
the hump is unstable, and that to the right is stable. Because the
interest rate is positive, the economically optimum target is toward
the left of the hump because that is where the slope of the production
is positive. [A qualification is that the economically optimal target
may lie to the right of the hump if the net price of fish depends on
stock size, as it does if operating costs depend on stock size.
Specifically, if the price per fish is P(1 - c/N), where P is the market
price per fish, and c is the coefficient relating costs to stock size, then
c = E/(Pq) where E is the price per unit effort, and q is the
catchability. With this notation, the economically optimal target stock
No = (A + VB A2)/4, where A = c + K(1 - x), B = 8cKr, and x
= plr. As c -* 0, No -* (K/2)(1 - plr). The c must exceed K/(2 +
rlp) for No to lie to the right of the hump. As noted later, the cost
coefficient for Newfoundland cod is nowhere near this high. Thus, in
the absence of a strong dependence of cost per fish on stock size, the
economically optimal target is to the left of the hump and is therefore
unstable.]

Yield in Fish vs Stock Size, Ecologically Stable Solution

FIG. 3. Ecologically recommended stock size is 750, which supports
an annual harvest of 46.9 per year. The stock size is stable and the
domain of attraction extends from 250 to 1000. If the stock is further
regulated with graded control, the recommended fishing mortality is
the slope of the diagonal dashed line, which is 0.06.

control like the volume on a radio. In optimal control theory,
an optimal solution consists of both the target equilibrium and
a path to that equilibrium. The optimal path to the optimal
target is to switch off fishing when the stock is below target, to
fish intensively when the stock is above target so that the stock
is restored to target as quickly as possible, and to fish at the
optimum rate when the stock is on target (cf. refs. 5 and 6). If
this so-called bang-bang control could be implemented, then
the fishery would be operated in the theoretically most prof-
itable way and it would also be stable. To achieve bang-bang
control, management's policy mechanisms must act quickly
and accurately.

Fishery theory typically takes the control as graded, not
bang-bang, and assumes that harvest is directly proportional to
the stock size. From the standpoint of control theory, this
control is suboptimal. Fishing is allowed to continue at a
reduced rate when it should be stopped altogether because the
stock is too low and fishing is not allowed to consume excess
stock quickly enough when the stock is too high. A graded
control, termed managing for constant effort, may nonetheless
be most viable politically. In fishery theory, the constant of
proportionality relating stock size to harvest is called the
fishing mortality, which itself is viewed as a product of fishing
effort and the catchability coefficient. Like bang-bang control,
this graded control will stabilize the stock at its target value,
provided it can be satisfactorily implemented.i In principle, a
target fishing mortality is determined as the slope of the line
extending from the origin to the target stock, illustrated as a
dashed diagonal line in Fig. 1. Then, if the catchability
coefficient is known the number of boats that will establish this
target fishing mortality is computed and used in principle to set
the number of licenses.i

Fishery practice does not accord with fishery theory. The
catchability coefficient varies with season, year, technology,
target species, fishing gear, and nationality (cf. ref. 9, pp.
106-112 and 193), so that annual catch quotas are used in place
of regulated effort. In principle, the annual catch quota equals
the product of the target fishing mortality, the stock size, and

iIf the harvest is decomposed into fishing mortality times stock, the
dynamics of the stock are dN/dt = rN(K - N)/K - FN, where F is the
fishing mortality. Furthermore, F = qE where q is the catchability
coefficient andE is the fishing effort. The fishing mortality that yields
the economically optimal target stock is Fo = (r + p)/2; this is the
slope of a line from the origin to the optimal stock No. With this
control, N. is a stable equilibrium. If q is known, the number of boats,
E, that bring about Fo is then E. = F0/q.
iFishery theory also has considered mixtures of bang-bang and graded
control. In the fishery literature, a stock size at which harvesting
switches off is called an escapement. A combination of escapement
and graded control is used by the International Whaling Commission
(cf. refs. 7 and 8).
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the length of the fishing season, although more complex
calculations are necessary to take age structure into account.
Fishery biologists believe that annually revised catch quotas
are equivalent to constant effort and claim that two-thirds of
North American fishery resources are regulated for constant
fishing mortality rate (10). As May et al. (ref. 11, p. 240) write,
... in practice 'constant quota' strategies are continually

reappraised, so that they are not in fact very different from
constant effort strategies." This assertion requires that the
policy mechanisms used by management to control the stock
act quickly and accurately. Yet the quality of data used to
determine catch quotas has been criticized repeatedly for inac-
curacy and for referring to a census taken a year earlier than the
year whose quotas are being managed (12). Furthermore, the
environment exhibits interannual variation so that the hump-
shaped production curve wobbles around from year to year, with
both r and K high in good years and both low in bad years. All in
all, managing a fishery for the economically optimal target stock
is worse than keeping a marble on top of a dome-it is, in fact,
like keeping a marble on top of a dome fastened to the deck of
a rolling ship seen through salt-sprayed goggles.

Solution

Fishery management has been studied mathematically for >50
years, during which time May et al. (11) concluded that "What
seems really needed is not further mathematical refinement,
but rather robustly self-correcting strategies that can operate
with only fuzzy knowledge about stock levels and recruitment
curves." In this spirit, we offer a recommendation: Let the
target stock lie to the right of the hump. In general, we
recommend a target of (3/4)K, which is midway between the
hump at K/2 and the unharvested equilibrium at K. This target
is ecologically stable under constant harvest, and maintaining
the stock at this target is like keeping a marble near the base
of a bowl (which is possible even on a rolling ship). Fig. 3
illustrates a stock at (3/4)K, which in the example sustains a
steady state harvest of -47 fish per unit time. The stock could
fluctuate down to 250 or up to 1000 and still the fishery would
return naturally to the value of 750 even in the presence of
continued harvesting at 47 fish per unit time. The target of 750
is stable under constant harvest and even more so if managed
for constant effort along the diagonal dashed line in Fig. 3.k
The economic value of maintaining a stock to the right of the

point of maximum sustainable yield may be overlooked be-
cause short-term economic incentives favor lowering the stock
if it should ever become this high. If the stock is above the level
producing the maximum sustainable yield, then adding an-
other fish to the stock lowers the total productivity, whereas
removing a fish leads to higher total productivity. Indeed,
"thinning" improves the stock's productivity in the short term

kThe recommended stock Nr = (3/4)K leads to a sustainable harvest
in the logistic model of hr = 3rK/16. The fishing mortality that
accomplishes this harvest is Fr = r/4. A stock of (3/4)K is recom-
mended because the stable domain of attraction surrounding this
stock size is large and the harvest is ample. Other target stock sizes
could be chosen provided they are to the right of the hump. The closer
the target is to K/2, the smaller the stable domain of attraction and
the larger the harvest. The nearer the target is to K, the larger the
stable domain of attraction but the smaller the harvest. To compare
measures of stability, the eigenvalue at equilibrium for a target stock
ofN is Ah = r(I - 2N/K) with constant harvest, and AF = -rN/Kwith
constant effort. Ah is negative if N > K/2 and AF is negative for all
positive N. Both eigenvalues become more negative as N -* K,
indicating that greater stability is attained at progressively higher
target stocks. AF < Ah, indicating that managing with constant effort
is always more stable than managing for constant harvest, although
the difference between these approaches tends to 0 as the target
approaches K-that is, the relative advantage of managing for con-
stant effort instead of constant harvest disappears as the target
approaches the carrying capacity.

by diminishing density dependence. Maintaining the stock
beyond the point of maximum sustainable yield makes eco-
nomic sense only when stability is considered.

Cost

Managing a fishery for stability comes at a cost. This cost is the
difference between the earnings at the economically optimal
equilibrium and the earnings at the ecologically recommended
equilibrium. Specifically, the cost of this "natural insurance" is
the interest earnings foregone by not investing the difference
in stock between the ecological recommendation and the
economic optimum (750 - 400 in the numerical example) plus
the reduction in annual harvest at the ecological recommen-
dation compared with the economic optimum (60 - 47 in the
example). This natural insurance ensures against accidental
liquidation of the stock by overfishing.
The cost of natural insurance can be expressed as a fraction

of the capital value of the fishery when operated at the
economic optimum. The cost depends on the ratio of the
interest rate p to the intrinsic rate of increase of the fish
population, r.1 If r > 4p, then the fishery is productive enough
to support natural insurance. The fractional cost decreases as
fishery productivity increases. When r is 10 times p, for
example, the cost is -2% of the capital value of the fishery.
This insurance cost is intermediate between the cost of fire
insurance on a house ('0.1% of the value) and the cost of
collision insurance on a car (- 10% of the value). If r is between
p and 4p, the earnings from liquidating the stable fishery (i.e.,
banking the revenue from harvesting the 750 fish) exceed the
earnings from the sustainable harvest that 750 fish support. In
this case, the fishery is not productive enough to pay for
insurance and instead should be operated at the economic
optimum as long as possible. If r < p, the resource should be
treated as depletable.

Benefit

Is natural insurance worth buying? The answer depends on
how great is the risk of fishery collapse. To assess the value of
natural insurance, we simulate the economic return from a
fishery for several magnitudes of risk. The simulation views the
fishery as though it were a mutual fund, started with $1000 with
each fish assumed to be worth $1. The portfolio consists of two
investments: a fish stock with an average r of 1 and an average
K of 1000, and a savings account whose annual interest rate is
5%. The return on the portfolio over 50 years is computed as
a function of the allocation of the initial investment between
(fish and savings.m For example, if a target stock of 250 is
chosen, the remaining $750 is invested into savings. Each year
the portfolio's value is updated. At the beginning of each year
a total allowable catch is computed based on the estimated
stock of the prior year, and this catch is then taken during the
year. The proceeds from the harvest are deposited in the
savings account. The savings account accrues interest during
the year. So the portfolio as a whole gains in value from fishing
plus interest on savings. All the risk is in the fishery component
of the portfolio. The fishery incurs three sources of random
variation each year: first, the environment varies, resulting in

'Natural insurance is feasible if hr> pNr, which reduces to r > 4p. The
cost of natural insurance is p(Nr - No) + (h. - hr) and the capital
value of the fishery is ho/p-i.e., the capital needed to produce interest
equal to the optimum yield from the fishery. Therefore, the cost as a
fraction of the capital value of the fishery is (p(Nr - No) + (ho -

hr))/(ho/p), which works out to be p((l + 2x)2)/(4(1- x)2), where x
is p/r, and x varies between 0 and 1/4.
m5O years refers to about two generations of fishers and implies that
intergenerational equity is sufficiently accommodated by maximizing
the long-run discounted utility. The future may be protected even
more with other criteria (cf. refs. 13 and 14).

Proc. Natl. Acad. Sci. USA 93 (1996)
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Return vs. Target Extinctions vs. Target
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FIG. 4. Average value of fishery/savings portfolio after 50 years as
a function of target stock size, starting with an initial portfolio value
of $1000, based on 1000 replicates at each target. Solid curve at top is
theoretical yield in a constant environment without risk. Curves from
simulation (from top to bottom) illustrate fluctuations, o, of 0.2, 0.4,
0.6, and 0.8; average r is 1, average K is 1000, p is 0.05, and the time
step is 1 year. The best target stock sizes for this range of a values are
about 540, 660, 720, and 760, respectively.

fluctuations of r and K (which are assumed to fluctuate
together); second, the stock size estimate contains sampling
error, which leads to a somewhat incorrect annual catch quota;
and third, the harvest quota is imperfectly executed so that
what is actually harvested differs from the specified quota. If
the stock goes extinct, the portfolio continues earning solely
from interest on savings. A range of targets from 0 (immediate
liquidation of the stock) to K (no harvesting at all) is selected,
and for each target 1000 replicates are carried out.

Fig. 4 shows the average total value of the fishery/savings
portfolio after 50 years as a function of target stock size,
starting with an initial portfolio value of 1000 dollars, based on
1000 replicates at each target. The solid overarching curve at
the top is the theoretically expected yield from the portfolio in
a constant environment without risk.n The best target is 475,
which would permit the portfolio to increase from $1000 to
nearly $60,000 after 50 risk-free years. This target is the
economic optimum target at which the slope of the production
function equals the interest rate, as outlined in Fig. 1, but using
r = 1 rather than 0.25 in anticipation of data presented later.
The curves plotted below the theoretical risk-free ideal curve
represent the returns from portfolios with increasing risk. Risk
is introduced through parameter cr. The r, K, stock estimate,
and harvesting accuracy are chosen each year by multiplying
their mean or true values by (1 + oz) where z is a random
variable uniformly distributed between -1 and 1. If o- is 0.2, for
example, then r, K, the stock estimate, and harvesting rate all
fluctuate around their mean or true values by ±20%.° The
curves in Fig. 4 illustrate fluctuations or of 0.2, 0.4, 0.6, and 0.8.
The best target stock sizes for this range of a- values are about
540, 660, 720, and 760, respectively. This simulation shows that
as the risk increases the target stock size for the best portfolio
return also increases and is generally in the vicinity of (3/4)K.

Fig. 5 shows the risk of fishery collapse over 50 years as a
function of stock size. The curve to the left is for a- = 0.2, and
increasingly higher o- values follow to the right. The risk of
collapse is 1 for low target sizes and drops to 0 at high target
sizes. The position of the knee in the curve depends on the
degree of fluctuation. With a- = 0.2, the risk of collapse is 0 if
the target is about 600 or beyond, whereas if a- = 0.8 the target
must exceed '900 for the risk of collapse nearly equal to 0.

nThe portfolio's value in a risk-free environment at time t in (0, T, 2T,
3T, .. .) for a target stock ofN is u, = Nt + (rN(K - N)/K)((l + p)t
- 1)/p + (K - N)(1 + pT)t. The time step T is 1 year.

°At each time step in the simulation, rt = (1 + urKz')r, Kt = (1 +
arKZ')K, Nest = (1 + aNtZ")Nt-T, TAC = FoNestT, h, = (1 +
O-hZ"' )TAC/T, and Nt+T = ftt+T = (dN/dt - ht)dt. The target fishing
mortality Fo is found from the target stock No as r(K - No)/K. The
three a values were set equal to a common value.
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FIG. 5. Risk of fishery collapse over 50 years, measured as the
number of simulations where the stock became extinct, as a function
of stock size. Curves from left to right are for oa of 0.2, 0.4, 0.6, and 0.8.

These simulations demonstrate that natural insurance is
worth buying. By foregoing maximum short-term earnings and
managing for a target of -(3/4)K instead, long-term profit is
maximized.P

Implementation

The policy goal is to ensure that fishers harvest only when the
stock size lies to the right of the peak in the production curve
where stability occurs. This aim can be fulfilled in two ways.
Currently, most fisheries use a command-and-control ap-
proach whereby annual fishing quotas drop to 0 as the stock
size falls below the target level. This system could also be used
to maintain a target of (3/4)K rather than the targets previ-
ously set. Alternatively, policies can be devised that make
short-term profit maximization coincide with long-term profit
maximization. Market forces will then lead to a stable fishery
because it will be uneconomical in the short term to fish when
the stock is below target.
A market-based policy to maintain the stock at a stable size

must ensure that the price per fish received by a fishery
(termed adjusted price, Pa) is low when the stock is depressed
and approaches market value when the stock is robust. In this
policy context, the fishery has a financial incentive to protect
the stock. The adjusted price may be controlled by taxing the
fish at dockside according to the stock size at the time of
harvest. For example, if it is decided to adjust the price using
a dockside tax, no tax is paid when the stock is at the desired
level of (3/4)K. The tax is paid only when harvests are taken
from a stock that is below (3/4)K. The adjusted price mech-
anism works because a fishery is faced with finding the
optimum balance between two goals: harvesting few fish
causing the stock to increase and thereby bring a higher price
per fish vs. harvesting many fish causing the stock to decrease
and thereby bring a lower price per fish. The adjusted price
schedule is set up so that the balance between maximizing price
per fish and maximizing quantity of harvest occurs when the
stock is at (3/4)K.q

PAdvantages of a high stock target have also been pointed out by
Doubleday (15), although no economic costs and benefits were
considered. Also, stochastic generalizations of the economic opti-
mality criterion relating the slope of the production function to the
interest rate have been derived, as reviewed by Clarke et al. (16), but
the application to fishery policy is not immediate (see also refs.
17-21).
qThe adjusted price Pa(N) per fish as a function of the stock size N
should satisfy p = F'(N) + F(N)P,a(N)/Pa(N) atN = Nr to ensure that
the fishery views a stock size of Nr as financially optimal. F(N) is the
production function for the fishery and p is the savings account
interest rate. Suppose the adjusted price is assumed to scale expo-
nentially with stock size Pa(N) = aebN. The fishery will view N =
(3/4)K as the financially optimal stock size if b = 8(1 + 2p/r)/(3K)
and a = e-br(3/4)K, and the adjusted price will equal the market price
when N equals (3/4)K. The formula that Pa(N) must satisfy at N =

Ecology: Roughgarden and Smith
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The calculations for the adjusted price may also take into
account the number of firms that are in the fishery.r,s
The adjusted price schedule affects both the equilibrium and

dynamics of fishery management. Once the schedule is in
place, ordinary short-term economic optimization favors a
target of (3/4)K, and the optimal path to this target would
involve bang-bang control, although this is presumably unde-
sirable to implement. Instead, labor markets can provide a
graded control possibly more effective than the annually
adjusted catch quotas presently in use. If the stock drops below
target, the adjusted price per fish drops, and then the money
spent on labor will decrease, resulting in a lowered harvesting
effort. Regulating by constant effort is stabilizing by itself and,
if the effort itself also drops when the stock is below target, the
result is even more stabilizing.

Application: Newfoundland

With the spectacular collapse of one of the world's most
productive fisheries, Newfoundland fishing fleets are now idle
while stocks of cod and other groundfish recover. The Cana-
dian Department of Fisheries and Oceans (DFO) is now
aiming "to create an Atlantic groundfish fishery that is eco-
logically and commercially sustainable" (22). In this section,
we illustrate how the theory presented above would be applied
to achieve this aim.
The parameters that must be determined are the stock's

intrinsic rate of increase r; the stock's carrying capacity K; the
price per unit stock P; and interest rate p. For Newfoundland
cod, r is 1 per year (annual percentage of 100% compounded
continuously), K is - 1.4 million tons, andP is -C$550 per ton.
The interest rate p is taken at 0.05 per year (annual percentage
of 5% compounded continuously). These parameters are
shown in Fig. 6.t

Nr is derived as follows. We wish the h that maximizes f0
e-P'Pa(N)h(t)dt. First, form the Hamiltonian, NC = Pah + A(F - h).
Then, from OaC/ah = 0, at equilibrium, we have A = Pa. Also, dA/dt
= -aW/aN + pA = A(P - F') - hPa and dN/dt = F - h. Combining
and rearranging these equations yields the formula, p = F'(N) +
F(N)P,(N)/Pa(N). As is, this formula predicts the financially optimal
stock size given p, Pa(N) and F(N). If price does not depend on stock
size, Pa(N) = 0, and the formula reduces to the familiar p = F'(N).
However, we stipulate that the financially optimal stock size shall be
Nr, so this equation can be used instead to determine the properties
Pa should have so that the financially optimal stock size works out to
coincide with the ecologically recommended stock size.
'The economically optimal stock size as seen by each firm, with M
firms, is No(M) = (K/2)(1 - Mp/r). The harvest per firm at this stock
size is ho(M) = rK(1 - (Mp/r)2)/4. So the aggregate harvest from the
M firms is Mho(M), which decreases monotonically with M.
sAgain suppose the adjusted price scales exponentially with stock size,
Pa(N) = aebN. If b = 8(1 + 2Mp/r)/(3K) and a = e-br(3/4)K, then
each of theM firms views a stock size of (3/4)K as financially optimal
from its own standpoint, and each will obtain full market value per fish
when the stock equals (3/4)K.
tThe Newfoundland fishery is considered here to include Northwest
Atlantic Fisheries Organization divisions 2J, 3K, 3L, 3N, 30, 3Ps, 3Pn,
and 4R that together comprise -550,000 km2 surrounding Newfound-
land and lying off the coast of Labrador out to the 200-mi limit. Fig.
1 presents the biomass estimates and landings specifically for the
divisions 2J, 3K, and 3L, which comprise -400,000 km2. The maxi-
mum yearly increase in stock for these three divisions combined is
=3-fold (cf. 1985-1986). Within these divisions the maximum yearly
increase is also =3-fold (3.3 in 2J from 1985 to 1986, 3.7 in 3K from
1985 to 1986,3.6 in 3K from 1988 to 1989,2.8 in 3L from 1989 to 1990).
Therefore, r = ln(3) 1. Because the harvest and stock appear to be
at equilibrium from 1981 to 1990, K can be back-calculated from the
known r, harvest, and stock. Solving for K in h = rN(K - N)/K yields
K = rN2/(rN - h). From inspection of Fig. 1, h is -250,000 tons per
year during 1981-1990, and the stock N is -500,000 tons during this
period. Hence, K for this region works out to be 1,000,000 tons.
Within this region, the harvest appears to equal the MSY (rK/4 =
250,000). Because these divisions together comprise 400,000 kmi2,
the carrying capacity is -2.5 tons per km2, and therefore K
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FIG. 6. Setup for managing the Newfoundland cod fishery. The r
is 1 per year, K is 1400 thousand tons, and p is 0.05. The economic
optimum stock shown with a dashed line. Ecologically recommended
stock shown with a solid line.

The economically optimal stock No is 665,000 tons,u whose
market value is C$366 million. This stock supports a steady
state annual harvest of 349,000 tons, worth C$192 million. The
capital value of this fishery is C$3.84 billion-i.e., an invest-
ment this large would be needed to earn C$192 million annually
at an interest rate of 0.05. The capital value of the fishery greatly
exceeds the market value of the stockbecause the productivity of
the fishery is much higher than the interest rate.
The ecologically recommended stock size is 1,050,000 tons

of fish, which supports an annual harvest of 263,000 tons worth
C$144 million. If this target is maintained with annually
adjusted total allowable catches (TACs), then the target
fishing mortality is 0.25 (i.e., r/4).
The cost of operating the fishery at an ecologically stable

equilibrium is the annual interest foregone by leaving in the
stock the additional 385,000 tons of fish, whose market value
is C$212 million, and which would earn C$10.6 million annu-
ally in interest, plus the difference between the economically
optimal and ecologically recommended harvest rates, which is
87,000 tons, worth C$47.6 million annually. This cost is -1.7%
of the capital value of the fishery, which may be inexpensive
given the magnitude of the insured amount and the near
certain risk of liquidating the fishery by overfishing.
A schedule of adjusted prices that makes a stock of 1,050,000

tons the financially optimum stock size is Pa(N) = aebN, where
a = 0.111 and b = 3.81 x 10-9. In particular, Pa(3K/4) = 1.00,
Pa(K/2) = 0.48 and Pa(K/4) = 0.23. Thus, if the stock should
drop to 350,000 tons, a fish harvested at that time would bring
only $0.23 per dollar of market value. Fishing would certainly
be unprofitable under these conditions. The best balance of high
price and high harvest would occur at a stock size of 1,050,000
tons, and fish harvested at would bring full market value.

If the fishery, as a commons, were organized into more than
one competing firm, the adjusted price would vary more
steeply with stock size because the incentives to reduce harvest
at low stock sizes would need to be greater to counteract the
combined effect of firms acting individually to maximize
revenue.

1,400,000 tons of cod for the entire Newfoundland fishery of 550,000
km2. The price per ton, P, in 1991 Canadian dollars has varied between
about C$450 in 1985 to about C$620 in 1991, averaging about C$550
per ton.
uThis value is (K/2)(1 - plr). If costs that vary with stock size are taken
into account, the economically optimal stock is slightly higher,
668,000 tons. The coefficient c for stock-size-dependent costs is 3700,
based on a market price P of C$550 per ton; price per boat year E of
C$1000; and catchability q of 0.0005 annually (based on data in refs.
23 and 24). The c would have to be 63,700-i.e., =17 times higher
than it is-for the economically optimal stock to lie to the right ofK/2.
Thus, stock-size-dependent costs change the estimated optimal stock
by 0.4% and can be safely ignored.
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FIG. 7. Projected time course for rebuilding the Newfoundland cod
stock assuming 5 years are allowed for the present stock to mature.

The harvest of 263,000 tons annually from the ecologically
recommended stock is 75% of the 1981-1990 average of
-350,000 tons (3, 25). Thus, this harvest should maintain the
fishing industry (fishing and processing) at -3/4 of its former
size, which in Newfoundland was -600 families with a mean
income of C$25,000 (22). The maximum sustainable yield is
-350,000 tons annually, and the harvest during 1981-1990
often exceeded this value. Therefore, the harvest levels of the
past are unsustainable by any theory unless the estimates of r
and K for cod are revised greatly upward. Hence, the industry
must contract anyway, and by managing for ecological stability
the prospects of subsequent collapses are minimized.
To bring about the ecologically stable stock size, we suggest

that the moratorium on fishing be retained for 2 years beyond
the 5-7 years presently envisioned (see ref. 1). The time frame
of 5-7 years is based on up to 5 years for the 1993-1994 stock
of -74,000 tons to reach spawning age, plus 1-2 years for the
stock to grow to a harvestable size. As Fig. 7 shows, we
calculate the stock to reach the economically optimum size in
3 years and the ecologically recommended size in 1 additional
year. Therefore, allowing 5 years to reach spawning age, plus
4 years to build up to the ecologically stable size, we calculate
9 years in total of moratorium from 1993.
The moratorium exacts a large social cost, including unem-

ployment payments to fishers and fish processing workers of
over C$400 million from 1992 to 1994, and special programs,v
budgeted at over C$2.75 billion to replace unemployment
insurance from 1994 to 1999 (26). None of this would be
needed, of course, had the fishery not collapsed. Although
continuing the moratorium for an additional year incurs still
another year of social costs, a second collapse would repeat the
entire set of social costs, plus the loss of the capital value of the
fishery itself, and other suffering that has not been valued
monetarily. Once the fishery is regenerated with a stable stock
size and harvest, these social costs disappear. Thereafter, the
only remaining cost is that of operating the fishery at a
configuration whose profit is less than maximal in the short
term, in exchange for ecological stability-i.e., the annual cost
of the natural insurance.
When the Venetian mariner John Caboto (alias John Cabot)

returned to England from his discovery of Newfoundland in
1497, he related to his companion, Raimondo de Soncito, the
now-legendary story about the productivity of Newfoundland's
waters. As Raimondo de Soncito later wrote to the Duke of
Milan ". . . the sea is covered with fishes, which are caught not
only with the net but with baskets, a stone being tied to the
them in order that the baskets may sink in the water" (27).
Although early explorers tended to exaggerate, the extraordi-
nary productivity of the Newfoundland cod fishery is well

known and invites optimism in the long term if managed for
ecological stability.

Summary Recommendation

(i) Establish a target stock at 3/4 of the average unhar-
vested abundance.

(ii) Tax the revenues from any fish caught when the stock is
below target.
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